Three-dimensionally periodic structures made of macroporous silicon with varying pore diameter show a photonic stop band in the middle infrared spectral range. A discontinuity of the periodic pore width modulation forms a planar optical resonator with a corresponding transmission peak in the stop band. Infiltration of the porous structure with a nematic liquid crystal and subsequent temperature changing cause a spectral shift of the defect mode. The experimental observations are in good agreement with theoretical calculations. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2139846͔ Photonic crystals ͑PhCs͒ are artificial materials with a periodic modulation of the refractive index. The periodicity of these materials needs to be of the same order of magnitude as the wavelength of light. The optical properties of PhCs such as the dispersion relation can be tailored and allow for many nonconventional applications such as guiding and processing of light signals and the enhancement or suppression of light emission. An active tuning of the photonic properties can be achieved by infiltrating porous photonic structures with liquid crystals. The effective refractive index can be controlled by temperature or external fields.
Photonic crystals ͑PhCs͒ are artificial materials with a periodic modulation of the refractive index. The periodicity of these materials needs to be of the same order of magnitude as the wavelength of light. The optical properties of PhCs such as the dispersion relation can be tailored and allow for many nonconventional applications such as guiding and processing of light signals and the enhancement or suppression of light emission. An active tuning of the photonic properties can be achieved by infiltrating porous photonic structures with liquid crystals. The effective refractive index can be controlled by temperature or external fields.
The possibility of using liquid crystal properties inside photonic crystals to obtain tunable photonic properties has initiated many studies during the last few years. The idea goes back to the theoretical predictions by Busch and John 1 and the experimental work by Yoshino et al. 2 These works considered filling the liquid crystal into the voids of an artificial opal or an inverted colloidal crystal. Since then, many other photonic crystal systems containing liquid crystals were developed, 3, 4 including periodic structures in III/V semiconductors 5 and macroporous silicon. [6] [7] [8] Liquid crystals are liquids with anisotropic optical, electrical, magnetic and mechanical properties that are very sensitive to the temperature and to external fields. Calamitic liquid crystals consist of rod-like molecules that show a preferred parallel alignment. The orientation of the long axes is described by the director n and corresponds to the optical axis of uniaxially birefringent nematic liquid crystals. For linearly polarized light with the electric field parallel ͑per-pendicular͒ to the director, the effective refractive index corresponds to the extraordinary refractive index n e ͑ordinary refractive index n o ͒. The birefringence n e -n o depends on the orientational order parameter and decreases with increasing temperature. Calamitic liquid crystals exhibit positive birefringence, i.e., n e Ͼ n o . The photonic properties of a photonic crystal containing a liquid crystal can be actively modulated by external fields ͑which lead to a reorientation of the optical axis͒ or by changing the temperature ͑which leads to changes of n e and n o due to variation of the order parameter͒. Here, we describe an example of a microcavity in a threedimensional ͑3D͒ structure consisting of macroporous silicon filled with a liquid crystal. A square shaped two-dimensional ͑2D͒ array of pores with a very high aspect ratio ͑diameter Ϸ1-2 m, depth Ϸ100 m͒ is made by a light-assisted electrochemical etching process using HF. 8 The pore diameter varies periodically, thereby forming a three-dimensional PhC. Subsequently the macroporous structure was evacuated and filled with a liquid crystal. The photonic properties for light propagation along the pore axis were studied by Fourier transform infrared spectroscopy.
We used for our experiments a planar microcavity inside a 3D photonic crystal. An area of constant pore diameter in a plane is sandwiched between two three-dimensional photonic crystals ͑Fig. 1͒. The defect layer is embedded between five periodic modulations of the pore diameter. The pores are arranged in a 2D square lattice with a lattice constant of a =2 m. stop gap at around 7 m ͑Fig. 2͒. The band structure was calculated by the plane wave approximation ͑Program: "MIT-photonic bands"͒. 9 For infrared radiation propagating along the pore axes, we observed in transmission a peak at = 7.184 m in the center of the second stop band, which can be attributed to a localized defect mode ͓Fig. 3͑a͔͒. Filling the structure with the liquid crystal 4-cyano-4Ј-pentyl-biphenyl ͑5CB, Merck͒ causes a spectral redshift of the stop band. Together with the stop band, the wavelength of the defect state is shifted by 191 nm to a larger wavelength ͑ = 7.375 m͒ at 24°C. An additional shift of ⌬ =20 nm to = 7.395 m is caused when the liquid crystal is heated from the nematic to the isotropic phase at 40°C. A shift toward larger wavelengths indicates an increase of the effective refractive index n eff of the liquid crystal with increasing temperature. This result can be explained as follows: Former optical and 2 H-nuclear magnetic resonance experiments on samples prepared by the same procedure have shown that the director of the liquid crystal is aligned parallel to the pore axis. 7 For this alignment, the effective refractive index corresponds to the ordinary refractive index n o of 5CB. The average refractive index in the isotropic phase, however, is approximately given by n iso Ϸ͑2/3n o 2 +1/3n e 2 ͒ 1/2 . Since n e Ͼ n o , an increase of the temperature beyond the clearing temperature T C causes an increase of the refractive index of the liquid crystal and thus an increase of the average refractive index n av of the heterogeneous structure.
A more precise investigation of the temperature dependence of the spectral position of the defect state indicates a very small influence of the temperature below and above the clearing point. However, the phase transition from the nematic to the isotropic phase leads to a distinct step by 20 nm ͑Fig. 4͒ .
In order to analyze the experimental results presented in Fig. 3͑a͒ , transfer matrix calculations were performed using the effective medium theory. 10 It is possible to use this program for our case, because we observed only the direction along the pore axis ͑⌫A-direction͒. Higher order diffraction is not expected in this spectral range. 8 According to this constraint, we consider the three-dimensional photonic crystal like a one-dimensional slab structure, where each slab has a uniform effective dielectric constant that can be calculated by the Maxwell-Garnet relation
where is the volume fraction of the liquid crystal. For 5CB, the effective refractive index n eff is given by n eff = n o = 1.5 in the axially aligned nematic state and n eff = n iso = This polynomial was used to describe ten discrete layers per period. The refractive index for each layer was calculated by Eq. ͑1͒. The defect was modeled with the constant filling fraction of def = 0.17. The calculated spectra show a good qualitative agreement with the experimental results ͓Fig. 3͑b͔͒.
In conclusion, our results show that resonant photonic microcavities can be formed in macroporous silicon by appropriate variations of the pore width. The quality factor Q = / ␦ of our investigated structure of this type is about Q = 52 due to the small amount of photonic crystal layers around the planar microcavity layer.
We expect a considerable enhancement of the resonator quality in macroporous silicon if the number of periodic modulations of the pore size in the vicinity of the microcavity is increased. For example, Q = 90 for a one-dimensional microcavity 5 and Q Ϸ 2000 for a point-like cavity in 2D PhCs 12 have been obtained in compound semiconductors. An increase of the number of modulations will decrease the transmission intensity of the defect mode. The investigation of resonators with a higher quality factor would require embedding of an emitter in the cavity which can be excited with a frequency outside the band gap. 13 The authors would like to thank the Deutsche Forschungsgemeinschaft ͑Priority-programme 1113 "Photonic Crystals," Ki 411/5 and WE 2637/6͒ for financial support.
